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Antiferromagnetic resonance (AFMR) of BaCu2Si2O7 and a microscopic theory for the magnetic
anisotropy of spin 1/2 chain compounds with folded CuO3 geometry being in good agreement with
the available data are presented. The AFMR studies at 4.2 K show the existence of two gaps (40 and
76 GHz) at zero magnetic field and of two spin re-orientation transitions for H ‖ c. The microscopic
origin of the two gaps is shown to be Hund’s rule coupling which leads to a “residual anisotropy”
beyond the compensation of the Dzyaloshinskii-Moriya term by the symmetric anisotropy which
would be valid without Hund’s coupling.
There exist several cuprate compounds with CuO3
corner-sharing chains that are known as nearly ideal
model compounds for one-dimensional spin 1/2 systems.
Those with folded CuO3 zigzag chains, like BaCu2Ge2O7
(Ne´el temperature of TN = 8.8 K) [1] or BaCu2Si2O7
(TN = 9.2 K) [2, 3, 4, 5] open the fascinating possibil-
ity to study noncollinear magnetism or the influence of
a Dzyaloshinskii-Moriya (DM) term in a quantum spin
chain. Especially BaCu2Si2O7 attracted much interest
recently in connection with the finding of two consecu-
tive spin re-orientation transitions for a magnetic field
applied along the easy c-axis, which were discussed con-
troversially, however [4, 5]. Furthermore, one [2] or two
gaps [3] in the spin-wave spectrum measured by neutron
scattering were reported. And also the microscopic ori-
gin of the magnetic interaction energies was not clarified
up to now. The present work addresses all these points
by a combined experimental and theoretical study, us-
ing antiferromagnetic resonance (AFMR) measurements
and perturbation theory with respect to spin-orbit (SO)
coupling in a Cu-O-Cu cluster with folded geometry.
Our experimental study shows clearly the existence of
two different gaps at zero magnetic field in BaCu2Si2O7
and a magnetic structure evolution with increasing field
H ‖ c with two re-orientation transitions corresponding
to a spin rotation towards the middle b-axis followed by
a rotation towards the hard a-axis which confirms the
neutron scattering structure of Ref. [5].
Theoretically we show that the deviation from a
straight bonds in a Cu-O-Cu cluster leads to a DM inter-
action and a spin canting of neighboring spins at T < TN .
The canting angle is rather large and the DM interaction
alone would lead to much larger gaps in spin wave spec-
trum and AFMR than actually observed. It is the sym-
metric anisotropy part which compensates the DM one,
as proposed in Refs. [6, 7] and applied here to the given
situation. A clear experimental confirmation of this effect
was found in Ba2CuGe2O7 [8]. We argue that Hund’s
coupling leads to a “residual anisotropy”, beyond this
compensation, which agrees well with the experimental
data and explains the observed easy axis behavior and the
two gaps mentioned above. Naturally, our theory is also
valid for BaCu2Ge2O7 which differs from BaCu2Si2O7 by
the interchain couplings. The more simple AFM struc-
ture of the Ge-compound allows for a weak ferromagnetic
moment which gives direct information on the spin cant-
ing angle [1].
The crystal structure of BaCu2Si2O7 and
BaCu2Ge2O7 belonging to the orthorhombic space
group Pnma is made of almost isolated CuO3 corner-
sharing chains running along the c-axis [9]. The Cu-O-Cu
bond angle is found to be 124◦ in the case of BaCu2Si2O7
which is smaller than that of BaCu2Ge2O7 (135
◦). For
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FIG. 1: The frequency vs field diagram (H ‖ c) of AFMR
modes in BaCu2Si2O7 at T = 4.2 K. Dashed lines: AFMR
modes of a biaxial antiferromagnet without the DM interac-
tion in a collinear (phase 1) and a canted (phase 2) phase
according to Ref. [11].
2both compounds a broad maximum was observed in the
temperature dependence of the magnetic susceptibility
indicating 1D magnetic behavior [2] and allowing to
extract the interchain exchange constants J = 47 meV
(J = 24 meV) for the Ge (Si) compound. The single
crystals of BaCu2Si2O7 used in an AFMR experiment
were grown by a floating-zone method. Since the a- and
c- axis lengths are almost the same, particular attention
was paid to the crystal orientation. The AFMR study of
BaCu2Si2O7 was done using a simple millimeter-range
video spectrometer [10]. The microwave sources were
either Gunn’s diodes or back-ward wave tubes. The
field dependence of AFMR modes in BaCu2Si2O7 at
T = 4.2 K is shown in Fig. 1. Two gaps are clearly
seen at H = 0, νLF = 40 GHz (low-frequency mode)
and νHF = 76 GHz (high-frequency mode). The gaps
values are about 10% smaller as compared to the earlier
reported values 0.21 meV and 0.36 meV measured at
lower temperature T = 2 K [3]. The observed frequency
softening of the low-frequency mode at Hc1 and Hc2
confirms the existence, for this particular magnetic field
orientation, of two consecutive spin re-orientation transi-
tions. As it was first proposed in Ref. [10] this behavior
is characteristic of a AFM with the DM interaction in a
magnetic field applied along the easy axis and the DM
vector orientation along the middle axis (c- and b-axis
respectively in the case of BaCu2Si2O7; see Fig. 4 of
Ref. [10] for comparison). Furthermore, our observation
of quadratic field dependence of the high-frequency
AFMR mode for H ‖ a (not presented in Fig. 1) allows
the conclusion that the a-axis is the hard axis of the
magnetic anisotropy tensor of BaCu2Si2O7 [12].
To understand the microscopic origin of the observed
behavior in Fig. 1 and also other experimental facts al-
ready established for the two compounds in question we
investigate the special Cu-O-Cu bond sketched in Fig.
2 with an arbitrary bond angle π − φ. The isotropic
exchange, the DM term and the symmetric anisotropy
are calculated by perturbation theory with respect to
SO coupling and kinetic energy. The Hamiltonian con-
tains all the 3d orbitals at the 2 Cu-sites (denoted by m
or m′ = {0(dx2−y2), z(dxy), x(dxz), y(dxz), 1(d3z2−r2)},
where the usual notation is given in parenthesis) and the
three 2p orbitals (n or n′ = {px, py, pz}) at the oxygen
site in between. The local, unperturbed part contains
the Coulomb terms
Hˆ0 = E
pnp +
Up
2
(npnp − np)
+
∑
αm
Emn
d
αm +
Ud
2
∑
α
(
ndαn
d
α − ndα
)
, (1)
with ndα =
∑
m n
d
αm =
∑
mσ d
†
αmσdαmσ and n
p =∑
nσ d
†
nσpnσ and where α = A or B (sort of Cu), and
σ (σ′) are spin indices. The charge transfer energy ∆p =
Ep−E0 has been set to 4 eV [13] and Em−E0 = εd = 2
eV shall be the same for all m = {x, y, z, 1} [14]. We
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FIG. 2: The orbitals of the Cu2O cluster and the coordinate
systems used in the calculation. The two ground state orbitals
3dx2−y2 and 3dx′2−y′2 are fixed by the positions of the two
CuO4 plaquettes perpendicular to the plane of the Figure.
use in the following the standard parameters of cuprates,
i.e. Up = 4 eV and Ud = 10 eV. All the remaining terms
of the Hamiltonian are treated as a perturbation. That
concerns especially the kinetic energy
Hˆt =
∑
αmnσ
tαm,n(d
†
αmσpnσ + h.c.) , (2)
and the spin-orbit interaction
HˆSO =
λ
2
∑
bα
∑
mm′σσ′
d†αm′σ′L
b
mm′σ
b
σσ′dαmσ , (3)
(λ = 0.1 eV) with the only nonzero matrix elements
Lzz0 = 2i, L
x
x0 = −i, and Lyy0 = −i (Lbmm′ = (Lbm′m)∗),
where b is a Cartesian coordinate and σbσσ′ the corre-
sponding Pauli spin matrix. The Hund’s exchange inter-
action is given by
HˆH = −JHd
∑
σσ′
m 6=m′∑
αmm′
d†αmσdαmσ′d
†
αm′σ′dαm′σ
−JHp
∑
σσ′
n6=n′∑
nn′
p†nσpnσ′p
†
n′σ′pn′σ . (4)
In a first step, the intermediate oxygen orbitals are ex-
cluded and an effective spin Hamiltonian
Hˆex =
1
2
∑
{m}σσ′
d†Am1σdAm3σ′d
†
Bm2σ′
dBm4σ
·J(m1A,m2B;m3A,m4B) (5)
is derived. The necessary exchange terms are calculated
in 4th order perturbation theory with respect to the ki-
netic energy Hˆt. The magnetic anisotropy terms arise
due to the SO interaction. Up to second order, the result
can be written as
HˆDM + HˆA = ~D(~SA × ~SB) + ~SA~~Ω~SB , (6)
with Ωab = Γab+Γba− δab(∑c Γcc). The first order term
corresponds to a DM interaction:
Db =
∑
m
iλLb0m(J(0A,mB; 0A, 0B)− J(mA, 0B; 0A, 0B))
Em − E0
(7)
3and the second order describes a symmetric spin
anisotropy
Γab =
(
λ
2
)2 ∑
mm′
{
La0mL
b
m′0J(mA, 0B;m
′
A, 0B)
(Em − E0)(Em′ − E0)
+
La0mL
b
0m′J(mA,m
′
B; 0A, 0B)
(Em − E0)(Em′ − E0) +A↔ B
}
.
There we neglected those terms in second order ∼ λ2
which lead only to a correction of the isotropic exchange
interaction. To apply the general theory to the given sit-
uation one has to specify the transfer terms that couple
|A, 0〉 and |B, 0〉 due to the different perturbations. First,
we neglect Hund’s exchange. The oxygen px, py and pz
orbitals are defined in the local coordinate system of CuA
(x-y-z in difference to the x′-y′-z′ system at CuB) and
the relevant transfer terms between CuA and the inter-
mediate oxygen are tA0,px = tpd and tAy,pz = tpd/
√
3,
where we used the ratio between σ and π transfer to be
1 :
√
3 which is valid with good approximation. To obtain
the transfer integrals of oxygen with the CuB orbitals we
have to rotate the |p′x〉 and |p′y〉 orbitals to |px〉 and |py〉.
Then we get the transfer terms
tB0,px = cosφ tpd , tB0,pz = − sinφ tpd ,
tBy,px = sinφ
tpd√
3
, tBy,pz = cosφ
tpd√
3
. (8)
The next step consists in calculating the exchange inte-
grals in Hˆex. Let us start with the isotropic exchange
J = J(0A, 0B; 0A, 0B). We use perturbation theory with
respect to Hˆt in 4th order. There are two possible in-
termediate states, the doubly occupied oxygen state |px〉
with an energy 2∆p + Up and the doubly occupied cop-
per state with the energy Ud. Collecting all the possible
paths we get
J = 4Gb2 with G =
1
∆2p
(
1
Ud
+
2
2∆p + Up
)
(9)
and b = t2pd cosφ. With the standard value for cuprates
tpd = 1.3 eV we obtain for BaCu2Ge2O7 with φ = 45
◦ the
estimate J ≈ 95 meV being roughly two times larger than
the experimental value. The reason is most probably the
insufficiency of 4th order perturbation theory which is
also known for the standard CuO2 plane. For the Si-
compound (φ = 56◦) we estimate 60 meV, whereas the
experimental value is 24 meV. Now, the DM vector ~D
shall be calculated. The two ground states |A, 0〉 and
|B, 0〉 are coupled by SO and Hˆt only via the |B, y〉 or
the |A, y〉 orbitals. Therefore, only Dy is different from
zero and the corresponding exchange paths (in 4th order)
are shown in Fig. 3 with
J(0A, yB; 0A, 0B) =
4Gt4pd cosφ sinφ√
3
(10)
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FIG. 3: Exchange paths for the DM term, contributions to
J(yA, 0B ; 0A, 0B) (a) and J(0A, yB ; 0A, 0B) (b). The initial
state is indicated by full arrows, the final state by dashed
arrows.
being equal to −J(yA, 0B; 0A, 0B). We find
Dy = 8Gbc where c =
λ
εd
sinφ
tpd√
3
. (11)
The corresponding canting angle
Θ =
|Dy|
|J | =
2√
3
(
λ
εd
)
tanφ (12)
results in 0.058 for BaCu2Ge2O7 whereas 0.033 was esti-
mated on the basis of the magnetization data [1].
The contribution in second order of the SO coupling
(3) corresponds to a symmetric anisotropy term. The two
relevant nonzero exchange terms are J(yA, 0B; yA, 0B) =
−J(yA, yB; 0A, 0B). The corresponding exchange paths
are very similar to those shown in Fig. 3. So, the first
term is characterized by an exchange between |A, y〉 and
|B, 0〉 via the |pz〉 orbital. The second, mixed exchange
goes from |A, y〉 via |pz〉 to |B, 0〉 and from |B, y〉 via |px〉
to |A, 0〉. The result can be given as
J(yA, 0B; yA, 0B) = 4G
(
t2pd sinφ√
3
)2
. (13)
Summing both contributions we get
Γyy = 4Gc2 . (14)
Now, we see that we can combine the isotropic exchange
(9), the DM term (11) and the symmetric anisotropy (14)
4G
(
(b2 − c2)~SA~SB + 2bc(~SA × ~SB)y + 2c2SyASyB
)
= J˜ ~˜SA ~˜SB (15)
to an isotropic exchange of canted spins ~˜SA/B with the
canting angle Θ (12) [7, 15]. In the zigzag chain one
4can subsequently rotate all the spins. As a consequence,
we would obtain a Hamiltonian which is rotationally in-
variant in spin space and no crystallographic direction
would be preferred. That is exactly the compensation
as proposed in Refs. [6, 7]. Now, we are going to show
that Hund’s exchange interaction (4) leads to a “resid-
ual anisotropy”. These symmetric anisotropy terms ex-
ist already for φ = 0. The anisotropy terms (11) and
(14) can be eliminated by the rotation (15) and only the
additional contributions due to (4) are considered fur-
ther on. Starting with Hund’s exchange at oxygen JHp,
new exchange integrals become possible in 4th order of
Hˆt and first order of HˆH . For example, the exchange
paths for Jp(zA, 0B; zA, 0B) are realized due to the trans-
fer term tAz,py (= tAy,pz). It turns out that it is identical
to Jp(yA, 0B; yA, 0B) = J
(p):
J (p) = −8
3
t4pd cos
2 φ
∆2p
JHp
(2∆p + Up)2
. (16)
We have no contribution via |A, x〉 or |B, x〉, and there-
fore, Γxx = 0. Next, we consider Hund’s exchange at
copper JHd. Then the transfer terms tBy,pz = tB1,pz =
cosφtpd/
√
3 become important. One obtains
J (d) = −4
9
t4pd cos
2 φ
∆2p
JHd
U2d
. (17)
Both terms (16,17) together result in the “residual
anisotropy” contribution
Γyy =
Γzz
4
=
λ2
ε2d
(
J (d) + J (p)
)
(18)
of one plaquette. To connect the cluster of Fig. 2
with the real crystallographic structure (see Fig. 1
in [2]), one has to rotate the coordinate axes ~ez =
(za, zb, zc) = (0.84, 0.38, 0.40) and ~ey = (ya,−yb,−yc) =
(0.48,−0.85,−0.21) (and also ~ez′ and ~ey′) to the crystal-
lographic ones. We obtain the diagonal elements
Γνν =
Γyy
2
(
4z2ν + y
2
ν
)
(19)
with ν = {a, b, c} and only one non-zero off-diagonal ele-
ment Γab. With the characteristic parameters JHp = 0.4
eV and JHd = 1 eV and setting Γ
cc to zero, we get
Γaa = −2 µeV and Γbb = −0.5 µeV. These numbers are
extremely small, but we have checked that they are still
larger than the classical dipole-dipole interaction. For an
antiferromagnetic arrangements of spins along the chain,
the preferred spin direction is the c-direction which is in-
deed the case for BaCu2Ge2O7 [1] and BaCu2Si2O7 [5].
From the theoretical analysis follows that we can expect
for BaCu2Si2O7 an easy c-axis, a middle b-axis and a hard
a-axis. The diagonal anisotropy energies (19) are directly
related to the two gaps seen in Fig. 1 (and also in neu-
tron scattering [3]) according to the standard formulas
νLF=
√
2HA1HE and νHF=
√
2HA2HE with HE = zJS
(S - spin, z - number of nearest neighbors) and HA1 =
2z|Γbb|S, HA2 = 2z|Γaa|S [16]. This yields 0.44 meV and
0.22 meV in reasonable agreement with the experimental
values 0.36 meV and 0.21 meV.
In conclusion, our theory is applicable to folded CuO3
chains and gives the isotropic exchange, the DM term
and the spin canting angle, the compensating symmetric
exchange and the “residual anisotropy” due to Hund’s
coupling in good accord with the available experimen-
tal data of BaCu2Ge2O7 and BaCu2Si2O7 and especially
with the two gaps measured by AFMR for the latter com-
pound. Possible differences between the two compounds
might be caused by different interchain couplings which
were not included in the present study.
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